A region of transition of surface water characteristics from subantarctic to antarctic and an associated eastward flowing Antarctic Circumpolar Current (ACC) have long been recognized to exist as a band around Antarctica. In this review we summarize the most important observational and theoretical findings of the past decade regarding the ACC, identify gaps in our knowledge, and recommend studies to address these. The nature of the meridional zonation of the ACC is only now being revealed. The ACC seems to exist as multiple narrow jets imbedded in, or associated with, density fronts (the Subantarctic and Polar fronts) which appear to be circumpolar in extent. These fronts meander, and current rings form from them; lateral frontal shifts of as much as 100 km in 10 days have been observed. 
nonzonal dynamics [Stommel, 1957] , and water discharged from Antarctica [Barcilon, 1966 [Barcilon, , 1967 . The overall vorticity balance is still in doubt [Baker, 1982] , although a simple Sverdrup balance with dissipative mechanisms of form drag by bottom topography and lateral dissipation in western boundary layers is consistent with existing data.
The southern ocean is a region where atmosphere-ocean exchanges cause strong near-surface modifications and production of water masses which spread throughout the global ocean. A. Gordon (as cited by deSzoeke and Levine [ 1981] ) has estimated the heat transfer from sea to air south of the Polar Front to be 3 x 10 '4 W. This heat loss must be balanced by poleward oceanic heat flux across the ACC. The traditional concept that this flux is brought about by mean meridional advection of water masses through the predominantly zonal flow of the ACC has been challenged by recent observations which suggest a large role for eddy and small-scale processes.
A good summary of the understanding of the ACC as of 1972 is provided by the report "Southern ocean dynamics: A strategy for scientific exploration, 1973-1983" lad Hoc Working Group on Antarctic Oceanography, 1974]. The past decade has seen renewed emphasis on studies of the ACC, due largely to the International Southern Ocean Studies (ISOS) and the Polar Experiment (POLEX) South [Sarukhanyan and Smirnov, 1985; . These programs encouraged and supported a wide variety of southern ocean studies. The ISOS program placed special emphasis on descriptions of fronts and energetics in the region of Drake Passage and southeast of New Zealand and on monitoring the transport of the ACC. The purpose of this review is to summarize the most important observational and theoretical findings of the past decade regarding the ACC and, in some instances, to identify outstanding deficiencies in our knowledge and recommend studies to help fill these gaps.
We consider first, in section 2, the zonation of the southern ocean. Section 3 reviews attempts to estimate the transport of the ACC through Drake Passage and presents the best estimate to date. Much of the recent study of the southern ocean has focused on meridional exchanges, principally of heat but also of salt, momentum, and internal energy, by various processes. These studies are discussed in section 4. Observational studies of kinematics and selected dynamical quantities are considered in section 5. Section 6 outlines the dynamics of the circumpolar current as revealed by theoretical and numerical modeling studies. Finally, in section 7 we make some summary remarks and suggestions for future research.
ZONATION
Deacon [1937] noted that the isolines of salinity and temperature slope downward gradually in a series of steps toward the north across the ACC. Most of the ACC transport seems to be associated with two current cores separated by a transition zone in which the near-surface characteristics are intermediate between those of the Antarctic Zone south of the current and the Subantarctic Zone to its north. These current cores are fronts with pronounced horizontal gradients of density and other characteristics such as temperature T, salinity S, or nutrients; within the upper water column at least, characteristic relations (e.g., T-S) change abruptly across the fronts. Vertical sections of density across Drake Passage (e.g., Figure 3 ) show three fronts separating four water mass zones. Clifford [1983] . The Antarctic Zone is south of the Polar Front. Summer ice extent is shown near Antarctica, as are locations where a water mass transition near the continental slope has been observed [Clifford, 1983] . over horizontal scales of about 60 km and temporal scales of 20 days, to have characteristic amplitudes of 20 cm/s at 1000 m, to be vertically coherent over the observed depth range of 1000-5000 m, and to move southeastward at •, 12 cm/s.
ZONAL TRANSPORT
Estimates of the volume transport of the ACC have frequently been used as inputs to, or observational checks on, circulation models. Realistic estimates of the transport and its variability can be of considerable value as a test of the ability of our models to account for pertinent dynamics: if a model cannot produce reasonable transport estimates, it must be deficient.
Early estimates of ACC transport that required the selection of a reference level varied greatly. Because the geostrophic shear in the ACC fronts extends practically to the bottom, middepth choices of zero-velocity reference levels resulted in westward deep flow under eastward flow and led to poor transport estimates. Also, when estimating transport at locations other than Drake Passage, it is difficult to separate the ACC flow from that due to adjacent currents. In the open ocean the southern limbs of the subtropical gyres and northern limbs of the subpolar gyres both flow eastward and are not easily distinguished from the ACC. Moreover, south of Australia and Africa other current systems, for example, the Agulhas Current, add to the confusion.
Geostrophic transport through Drake Passage relative to 3000 dbar for seven crossings made during 1975, 1976, 1977, 1979, and 1980 showed the baroclinic field to be relatively constant, with an average of 103 x 10 6 m3/s . This is consistent with estimates of relative geostrophic transports from earlier sections at Drake Passage [Reid and Nowlin, 1971 ]. Nowlin and Clifford [1982] showed that the transports associated with the three fronts in Drake Passage account for approximately 75% of the total baroclinic transport relative to 2500 dbar, though the fronts occupy only about 20% of the width of the passage. The first estimates of ACC transport by using direct current measurements were made at Drake Passage in 1969 [Reid and Nowlin, 1971] and 1970 [Foster, 1972] . These were most confusing, but provocative, because the two independent estimates gave widely disparate results, 237 x 10 6 m3/s eastward and 15 x 10 6 m3/s westward. presence of a highly structured current system consisting of meandering current cores. The final ISOS transport product was a time series from January 1979 to January 1980, produced using data from precision pressure transducers and heavily instrumented moorings, simulating hydrographic stations, on both sides of the passage and from a large array of current meters moored on a line across the passage. Results have been described by Whit-1979  1980   -I  '  I  '  I  '  I  '  I  '  I  '  I  '  I  '  I  ,  I  '  I  '  I Three shipboard density surveys of the passage were made in January 1979, April 1979, and January 1980 while the transport measuring array was in place. Fifteen to 18 stations were made along the current meter line. Referencing the geostrophic transport calculated from those data to the current observations at 13 moorings resulted in three net transport estimates: 117, 144, and 137 x 106 m3/s. Whitworth [1983] x 10 6 m3/s, with a standard deviation of 13 x 106 m3/s [Whitworth and Peterson, 1985] .
Although no monitoring of the ACC with direct measurements has been done at locations other than Drake Passage, estimates of ACC transport have been made elsewhere. Georgi and Toole [1982] estimated zonal heat and freshwater transports south of America, Africa, and New Zealand to obtain interocean exchanges for comparison with those of workers using different approaches. They calculated transport directly from hydrographic station data by taking the deepest sample depths as the reference level for each adjacent station pair, which resulted in transports of 140 and 125 x 106 m3/s south of Africa and New Zealand, respectively. These geostrophic transports were adjusted using a spatially uniform reference speed so that the total volume transports matched the mea- Fu and Chelton [1984] constructed time series of northsouth sea level differences across the ACC from crossover sea level differences observed by Seasat during July to October 1978. The results reveal a general eastward acceleration of much of the ACC over that period with a decrease in the intensity of the cyclonic Weddell Gyre (Figure 7 ). This first direct observational evidence for large-scale coherence in the ACC demonstrates the great potential of satellite altimetry for synoptic observations of temporal variability.
There have been several attempts to relate the changes in net ACC transport, or across-passage pressure difference, at Drake Passage to wind stress over the southern ocean. Three years (1976) (1977) (1978) of pressure difference across the passage were interpreted by Wearn and Baker [1980] in terms of fluctuations of the ACC. Then they related this transport time series to zonal wind stress integrated between 40 ø and 65øS over the southern ocean. A 28-day running mean filter was applied to the series. A strong correlation between the circumpolar wind stress and pressure difference was observed, in which the current lagged the integrated stress by about 9 days. This compared well with a simple model result of a 7-day lag which they also presented, suggesting that the pressure difference is forced globally rather than locally for periods longer than a month or that time changes in the ACC should be coherent around the circumpolar system. Chelton [1982] then pointed out that the results were suspect on statistical grounds: for the procedures used, the coherence may have resulted because both series contain strong seasonal signals. Moreover, it can be seen from a later paper by Fu and Chelton [1984] that large-scale fluctuations in the ACC may not be coherent in circumpolar extent (see Figure 7 of this paper).
However 
MERIDIONAL EXCHANGES
Early in this century, warm deep water was shown to extend upward to shallow depths near Antarctica and was recognized as being related to the formation of an abysssal layer of cold antarctic water. Reid [1981] reviewed the development of this understanding. The surface modifications necessary to produce these dense waters require large heat exchange from the ocean to the atmosphere. An equivalent pole- The basic problem is to find a dynamical balance for the ACC that allows for observed surface wind stress as a driving force while maintaining reasonable transport values. Transport is a key variable used to test the applicability of models to the prototype. Indeed, this observation has such importance that considerable effort was expended in the late 1970s to determine the transport of the ACC at Drake Passage. We now have a 1-year observed time series of this transport and 3 years of additional good estimates modeled from acrosspassage pressure differences [Whitworth and Peterson, 1985] . Given this improved estimate of the transport, it is appropriate now to reconsider the theories advanced for the dynamical balance within the ACC. [Fofonoff, 1955] , effect of continental land masses [Stommel, 1957] , and discharge of water from Antarctica [Barcilon, 1966 [Barcilon, , 1967 The discharge of water from the Antarctic continent can drive a westward flow, thereby reducing the transport of the ACC [Barcilon, 1966 [Barcilon, , 1967 . As water is discharged from the continent, a free surface slope develops (down to the north) which drives a westward current. There is a strong amplification effect, so the circulation created is 100 to 1000 times the discharge. Even this amplification is not sufficient to reduce the unrealistically large eastward transport calculated by Hidaka and Tsuchiya [1953] to result from the wind driving. Furthermore, the discharge must come from melting snow and ice, so the ACC should show strong seasonal transport variations. The observed variations are not strong enough, and though this mechanism may be important near the continent, it seems to be of little consequence in ACC dynamics.
Simplified Dynamical Models of the ACC
Dynamical models of the ACC discussed in this paper are partitioned into three categories: simplified models, world ocean models, and mesoscale models. The simplified models address either reduced dynamics or a limited region of the ACC. World ocean models necessarily contain the ACC, but only large-scale (hundreds of kilometers) processes can be included because of computer limitations. Mesoscale models address effects of dynamic instabilities and bottom topography on flow in zonal channels. Each type of model considers some part of the dynamics of the ACC, and these results will lead to more realistic dynamical understanding of the ACC.
Wyrtki [1960] made a detailed Sverdrup transport calculation for the southern ocean using his best estimate for the One case (LB) has a flat bottom at 5 km; the other (TB) has a 500-m-high Gaussian ridge in the recirculating gap. The model was integrated to a statistical steady state, and results were analyzed in terms of time-averaged energy budgets where the averaging times are 1200 and 3300 days, for cases LB and TB, respectively. The time mean solutions are shown in Figure  14 . The total transports for the two cases are 500 and 100 x 10 6 m3/s for LB and TB. The principal energy pathway is from the wind to the flow in layer 1, which becomes unstable. Eddies then transfer energy to layer 2, where it is dissipated by bottom friction. The major effect of bottom topography is the production of form drag, which reduces the total transport by a factor of 5. An additional effect of the barrier is to cause the flow downstream of the barrier to be considerably more energetic than flow elsewhere. A similar pattern is observed in the surface KE from drifters ( Figure 9) . These model results emphasize the importance of eddies and topography on the energy budget of the ACC.
SUMMARY REMARKS AND SUGGESTIONS
There has been great improvement in our understanding of the structure and dynamics of the ACC in the last decade or so. This enhanced understanding, however, indicates that sharper and more focused questions and experiments should be considered. Here several studies are suggested for continuing to improve our descriptions and understanding of the ACC. Discussed first are three observational studies considering the major fronts, meridional exchanges, and total transport; these are followed by four comments pertaining to the general dynamics and modeling of the ACC. The transport of the ACC is a crucial observation against which numerical models can be tested. Transport at Drake Passage has been determined with some precision, and techniques are now available to monitor the transport with a minimum of instrumentation. A second transport measurement is needed south of Australia or New Zealand. Time correlations between these two transport series will begin to answer questions about the angular momentum of the ACC as a whole. There have seen several estimates of the time lag of the ACC in response to changes in wind forcing. Such transport time series will help sort out the temporal behavior of the ACC and its relation to forcing. As a long-range goal, satellite altimetry coupled with sea level stations (including atmospheric surface pressure) and deep pressure observations, should be used to calculate the transport of the ACC at several places about the southern ocean, not just in the narrow parts of the current system. Improved fields of atmosphere-ocean exchanges of momentum, heat and moisture are needed to improve our understanding of the circulation and heat budget of the southern ocean. Climatology for the southern ocean is hampered by its remoteness as well as its dependably bad weather. It seems that satellite observations (for example, the scatterometer on NROSS) offer the only hope for obtaining wind stress observations with adequate geographical coverage. Heat exchange with the atmosphere is an important element of water mass conversions which occur in many places in the southern ocean. Such heat flux estimates will be necessary for the development of thermodynamically active models of the ACC.
The correct dynamical balance for the ACC is still not know. The roles of continental boundaries, stratification, bottom topography, and dynamic instabilities have been shown to be important separately, but such effects have not been considered all in the same numerical model. As an example of the interrelation of these factors, the meridional distribution of wind forcing in relation to the meridional extent of land barriers has been shown to be of considerable importance. Finally, active thermodynamics should be included in these models to consider how newly formed, dense water is able to cross the ACC without losing its distinctive character. The dynamics of the creation and maintenance of the ACC fronts and their associated strong currents should be investigated. Such currents seem to be sensitive to bottom topography and tend to flow through gaps in bathymetry. These deepreaching currents are shown to be unstable in Drake Passage where they have been extensively investigated, and they may be unstable throughout the remainder of the A CC. The stability of these currents has an impact on the meridional exchange of heat, momentum, and other properties across the ACC. Investigations should include both theoretical and observational points of view.
Simple indices which give good indications of the behavior of the ACC, or some parts thereof, may exist. Specific observations in the surface meteorological fields, for example, surface winds, may signal variations in the current fields of the southern ocean. The ACC transport observations should be compared through the use of models with surface wind fields.
Some surface wind fields are available now that are contemporaneous with transport observations in Drake Passage; the next decade promises improvements in observations of both wind stress and current variations.
